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ABSTRACT 

T h i s  r e p o r t  d e s c r i b e s  t h e  u s e  of t i m e  and  mot ion  s t u d y  uiethocls t o  

e v a l u a t e  force feedbacK i n  remote man ipu la t ion  tasks. S e v e r a l  s y s t e m  
o f  t i m e  measurement d e r i v e d  fo r  i n d u s t r i a l  workers u e r e  s t u d i e d  ana  

adaF ted  f o r  m a n i p u l a t o r  use. Kext a t a s k  board i n c o r p o r a t i n g  a set  cf 
basic  n o t i o n s  uas d e s i g n a  and b u i l t .  The t a s k  board u a s  equipped  w i t h  

s w i t c h e s  t o  s e n s e  t h e  beginning  and end of e a c h  motion and  was connected  
t o  a d i g i t a l  data recorder t h a t  a u t o m a t i c a l l y  t imed e a c h  move. R e s u l t s  
o b t a i n e d  from two s u b j e c t s  i n  three m a o i p u i a t i c n  s i t u a t i o n s  f o r  e a c h  are 

reported: a f o r c e - r e f l e c t i v e  man ipu la to r ,  a u n i l a t e r a l  m a n i p u l a t o r ,  and  
t h e  una ided  human hand. The r e s u l t s  i n d i c a t e  t h a t  ( 1 )  a time-and-motion 
s t u d y  t e c h n i q u e s  are a p p l i c a b l e  t o  man ipu la t ion ,  and t h a t  (2) force 
feedback  faci l i ta tes  some mot ions  ( n o t a b l y  f i t t i n g ) ,  b u t  n o t  others 

(zuch  as p o s i t i o n i n g ) .  It is po in ted  o u t  t h a t  t h i s  approach  can  be used  
t o  compare and opt i ro ize  d i f f e r e n t  methods f o r  per forming  remote- 

n a n i , x I a t i o n  t a s k s  and that it  appea r s  t o  have t h e  same wide 
a p p l i c a b i l i t y  t c  remote hand l ing  and assembly  as it has had t o  

i n d u s t r i a l  mznual t a sks .  
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I INTRODUCTION 

The main o b j e c t i v e s  o f  t h i s  p r o j e c t  are t o :  

Cons ider  t h e  t y p e s  of tasks  t h a t  w i l l  be performed by s p a c e  
m a n i p u l a t o r s ,  choose  a complex task,  and r e s o l v e  i t  i n t o  
e l e m e n t a l  sub ta sks .  
Conduct an  expe r imen ta l  s t u d y  w i t h  force-and  non-force- 
r e f l e c t i n g  m a n i p u l a t o r s ,  and de te rmine  how t h e  performance 
on t h e  complex assembly t a s k  can  be p r e d i c t e d  from 
performance  on t h e  e l e m e n t a l  tasks f o r  t h e  v a r i o u s  
exper iments .  

* O u t l i n e  a mathematical basis f o r  p r e d i c t i n g  performance o f  
a complex t a s k  from e l e m e n t a l  t a s k  performance.  

To de te rmine  t h e  t y p e  of t a s k s  t h a t  w i l l  be performed by space 

m a n i p u l a t o r s ,  N A S A ' s  p l a n s  i n  t h i s  area were s t u d i e d .  I n  p a r c i c u l a r  t h e  

p roceed ings  o f  a p p l i c a b l e  workshops [ 1 , 2 ]  of t h e  VASA Study Group on 
Machine I n t e l l i g e n c e  and Robotics ,1 '  of' which t h e  a u t h o r  is a member, 

were surveyed .  Space manipuib t ion  r equ i r emen t s  emerge i n  t h e  fo l lowing  
t y p i c a l  p r o j e c t s :  

A r m  f o r  g e o l o g i c a l  expe r imen t s  on t h e  Hars r o v e r  

* A r m  f o r  c o n s t r u c t i o n  by t h e  space  s h u t t l e  
Hemote sys t ems  f o r  assembl ing  so lar -power  c o l l e c t o r s  

* Free-f l y i n g  t e l e o p e r a t o r  f o r  s e r v i c e  and repair .  

A s:A*'vey of  the b a s i c  motions invo lved  (material  h a n d l i n g ,  o b j e c t  

a c q u i s i t i o n ,  assembly, r e p a i r ,  e t c . j  r e v e a l s  t h a t  t h e  t y p e s  of tasks  

t h a t  w i l l  b e  performed u s i n g  space man ipu la to r s  a r e  b a s i c a l l y  t h e  same 

o n e s  t h a t  have been performed u s i n g  remote  man ipu la to r s  on ea r th .  T h i s  

i s  further s u b s t a n t i a t e d  by sppze  a p p l i c a t i o n  expe r imen t s  a t  Argonne 
N a t i o n a l  Labora to ry  [ 31, where t h e  d i sa s sembly  of a p r o p e l l a n t  
u t i l i z a t i o n  va lve  from a 5-2 eng ine  was e v a l u a t e d  as c a r r i e d  o u t  by a 
h o t - c e l l  manipula tor .  

1 



Our approach  t o  t h i s  p r o j e c t  is based o n  t h e  a p p l i c a t i o n  of t i n e  
and motion sys t ems  developed  by i n  stria1 e n g i n e e r s  t o  remote 

man ipu la to r s .  These sys t ems  were o r i g i n a l l y  deve loped  t o  e s t ab l i sh  data 

f o r  the  s c i e n t i f i c  measurement of human e f f o r t .  They have e n a b l . '  those 

i n t e r e s t e d  i n  t h e  i n d u s t r i a l  e n g i n e e r i n g  f i e l d  t o  deve lop  answers  t o  
h a n d l i n g  and  assembly problems q u i c k l y ,  c o n s i s t e n t l y ,  and w i t h  greater 

u n d e r s t a n d i n g  of t h e  u n d e r l y i n g  c a u s e s  s u r r o u n d i n g  them. 

* 

The remote-manipula t ion  s i t u a t i o n  is f a r  more d i v e r s e  t h a n  d i r e c t  

h a n d l i n g  by human workers because of t h e  v a r i e t y  of m a n i p u l a t o r s  

( d i f f e r e n t  rates of movement, s e r v o  lags,  and d e g r e e s  of force 

r e f l e c t i o n ) .  A p p l i c a t i o n  of t i n e  s t u d i e s  t o  m a n i p u l a t o r s  may q u a n t i f y  
t h e  way d i f f e r e n t  m a n i p u l a t o r  charac te r i s t ics  affect  performance. As i n  
i n d u s t r i a l  e n g i n e e r i n g ,  t h e  ways i n  which these measurement t e c h n i q u e s  
c a n  be a p p l i e d  t o  remote man ipu la t ion  are sumnar izea  i n  t h e  f o l l o w i n g  
categcries:  

* Gevelopment of e f f e c t i v e  methods and p l a n s  p r i o r  t o  s y s t e n  

Improvement of e x i s t i n g  methcdr.  

* Development of s t a n d a r d  time forn iu las  (models).  

Cos t  e s t i m a t i o n s .  

o p e r a t i o n .  

Des igning  o f  equipment t o  be handled .  

hand'.ing. 
* S e l e c t i o n  of e f f e c t i v e  equipment and too l s  f o r  remote 

* Opera to r  t r a i n i n g .  

2 



I1 ADAPTIOM OF IIME ARE MOTION STUDIES TO hANlPULATCRS 

There  is much h is tc r ica l  p r e c e d e n t  for  c l a s s i f i c a t i o n  a t  t h e  u n i t  
l e v e l  of t ask  complexi ty .  The p r o t o t y p e  s y s t e m  was developed  by T a y l o r  
i n  t h e  1860's ( r e p r i n t e d  i n  Taylor [ 4 3 ) ,  and r e f i n e d  by G i l b r e t h  [51 i n  
a c o n t i n u i n g  e f fo r t  t o  e s t a b l i s h  s t a n d a r d  times f o r  i n d u s t r i a l  

o p e r a t i o n s .  The c u r r e n t  p r o l i f e r a t i o n  of p rede te rmined  time s y s t e m  
(Flethods-Time Measurement, kork-Fac tor  Not ion-Time A n a l y s i s  and basic 

E;otion Time S tudy ,  t o  name some of t h e  major sys t ems)  i n d i c a t e s  t h e  h i g h  
l e v e l  of c o n t i n u i n g  i n t e r e s t .  ( A  c o n c i s e  d e s c r i p t i o n  of t h e  above- 

mentioned s y s t e m  can  be found i n  t h e  I n d u s t r i a l  Eng inee r ing  Eanhbook 

[ # I ) .  

I h e  u t i l i t y  of such  sys t ems  l i e s  i n  t h e i r  a b i l i t y  t o  s y n t h e s i z e  
almost aiiy i n a u s t r i a l  o p e r a t i o n  by t h e  p r o p e r  combina t ion  of u n i t s .  F o r  

i n s t a n c e ,  Table 1 lists t h e  c l a s s i f i c h c i o n s  used  i n  t h e  Methods-The 

Nea..;urement zystem. Each of the  l i s t e d  c l a s s i f i c a t i o n s  i s  f u r t h e r  
d i v i d e d  so  t h a t  any o p e r a t i o n  can  be desc r ibed .  For USE. i n  p r e d i c t i n g  

task  comple t ion  t i n e s ,  t h e  time r e q u i r e d  f o r  e v e r y  u n i t  xould be found 
by r e f e r e n c e  t o  t h e  a p p r o p r i a t e  e n t r y  i n  t h e  c l a s s i f i c a t i o n  l i s t  and t h e  

u n i t  times would be t o t a l e d .  

3 



Table 1 

METhODS TlME MEASUHEMGhT UhIT TASK DESCRIPTIONS 

ODera t i o n  @e scr i D  t i o n  

R E A C H  

MOVE 

TURN 

basic hand or f i n g e r  motion employed t o  
move t h e  hand or f i n g e r s  t o  a d e s t i n a t i o n  

basic hand or f i n g e r  n o t i o n  employed 
t o  t r a n s p o r t  a n  o b j e c t  t o  a des t ina , t i on  

basic motion employed t o  r o t a t e  t h e  
hand a b o u t  +.he l o n g  a x i s  of t h e  fo rea rm 

APPLY PRESSURE a p p l i c a t i o n  of muscular  force t o  overcome 
o b j e c t  r e s i s t a n c e ,  accomplished by l i t t l e  
o r  no mction 

G R A S P  

R E L E A S E  

P OSlT I ON 

D I S E N G A G E  

0 CRANK e 

basic f i n g e r  o r  hand e lement  employed t o  
s e c u r e  c o n t r o l  of a n  object 

basic f i n g e r  o r  hand motion enployed  t o  
r e l i n q u i s h  c o n t r o l  of a n  o b j e c t  

basic f i n g e r  o r  hand e lement  ehployed  t o  
a l i g n ,  o r i e n t ,  and engage one  o b j e c t  w i th  
a n o t h e r  t o  a t t a i n  a s p e c i f i c  r e l a t i o n s h i p  

basic hand or f i n g e r  e lement  employed t o  
separate one  object  from a n o t h e r  o b j e c t  
where there is  a sudden end ing  of r e s i s t a n c t  

basic motion employed when t h e  hand f o l l o w s  
a c i r c u l a r  p a t h  t o  r o t a t e  an o b j e c t ,  w i t h  
t h e  forearm p i v o t i n g  a t  t h e  elbow and t h e  
upper  arm e s s e n t i a l l y  f i x e d .  

0 

Blackmer [ ? I  and Black 181 used  a s i m i l a r  u n i t  c l a s s i f i c a t i o n  for 
a n a l y s i s  o f  man ipu la to r  system r e s u l t s .  I n  t h e i r  work, a p a r t i a l  g o a l  
was t o  i s o l a t e  t h o s e  p o r t i o n s  of an  e l emen t - l eve l  t a s k  tha t  were most 
s e n s i t i v e  t o  t h e  des ign  v a r i a b l e  be ing  s t u d i e d  (time d e l a y ) .  

4 



McCovern [ g ]  and H i l l  [lo, 1 1 3  showed how s u b t a s k s  carr ied o u t  w i t h  
m a n i p u l a t o r s  c a n  be  comple t e ly  broken dowr, i n t o  u n i t  mot ions  and t h a t  

t h e  r e s u l t i n g  c o n s t i t u e n t  tasks are compa t ib l e  w i t n  F i t t ' s  Law [12l, a 
w i d e l y  a c c e p t e d  and  proven  formula  for b o t h  hand and man ipu la to r  

performance. 

T h i s  approach  may be  a p p l i e d  t o  m z n i p u l a t o r s  w i t h  t h e  following 

m o d i f i c a t i o n s :  

(1 )  REACH i s  n o t  a p p r o p r i a t e  f o r  m a n i p u l a t o r s ,  s i n c e  there  i s  
a lways  a n  object  ( t h e  mas te r  o r  c c n t r o l  brace) i n  t h e  
operator 's  hand. MOVE is a lways  used  f o r  mot ions .  

(2 )  GRASP is  s i m p l i f i e d ,  s i n c e  there a r e  no d e x t e r o u s  f i n g e r s  
o n  man ipu la to r s .  I n s t e a d  of s imply  moving t h e  human hand 
t o  w i t h i n  60 mm of t h e  object  and c l o s i n g  i t ,  we must 
move t h e  m a n i p u l a t o r ,  p o s i t i o n  t h e  g r i p ,  and then  c l o s e  
t h e  g r i p .  There is o n l y  one  g r a s p  pa rame te r :  time t o  
c lose t h e  g r i p .  

( 3 )  POSlTION i s  broken down i n t o  two u n i t s ;  PHE-POSITIOR and 
XNSERI, based on h i l l ' s  resLlts [ l l ]  w i t h  three 
m a n i p u l a t o r s .  

( 4 )  DISENGAGE i s  t h e  time r e q u i r e d  t o  s e p a r a t e  o b j e c t s  a l o n g  
a c o n s t r a i n e d  t r a j e c t o r y .  

5 



Table 2 

U N I T  ' T A S K  DESCRIPTIONS FOR M A N I P U L A T O R S  

Ooera t i o n  

kOVE ( d )  

T U A K  ( a )  

APPLY PRESSURE. 

GhASP 

R E L t A S b  

PRE-PCSII IClh ( t ) 

I h S L h l  (t) 

C U h 1  AC'I 

b a s i c  motion employed t o  t r a m p o r t  
e n d - e f f e c t o r  a d i s t a n c e  d (measured i n  
m i  11 ime t ers  ) 

b a s i c  n o t i o n  enploycd t o  r o t a t e  t h e  end- 
e f f e c t o r  abou t  t h e  long  axis  of t h e  
fo rea rm an a n g l e  a (measured i n  d e g r e e s )  

a p p l i c a t i o n  of f o r c e  t o  overcome o b j e c t  
r e s i s t a n c e  -- accornplipbed by l i t t l e  o r  no 
motion. 

b a s i c  motion t o  c l o s e  e n d - e f f e c t c r  a n d  
s e c u r e  c - n t r o l .  of an o b j e c t .  

b a s i c  motior! t o  open e n d - e f f e c t o r  and 
r e l i n q u i s h  c o n t r c l  of an o b j e c t .  

b a s i c  hand element t o  a l i E  and o r i e n t  
one o b j e c t  w i t h  a n o ~ ~ ~ c r  v i t h i n  a 
t o l e r a n c e  t ,  measured i n  m i l l i m t e r s .  

b a s i c  hand motion employea t o  engage , o b j e c t s  
a l o n g  a t r a j c c t w y  w i t h  a t c l e r a n c e  t ,  
measured i n  m i l l i m e t e r s .  

l i k e  INSEHT, b u t  emplcyed t o  s e p a r a t e  o b j e c t s .  

b a s i c  motion employed when t h e  hand f o l l o w s  
a c o n s t r a i n e d  c i r c u l a r  pa th  t o  r o t a t e  an  
o b j e c t ,  w i t h  t h e  forearm p i v o t i n g  a t  tne 
elbow ana t h e  u p p e r  arm e s s e n t i a l l y  f i x e d .  

p r o c e s s i n g  time f o r  ho ld ing  down a i l f t - o f f  
s r r i  t c h . 
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111 DESIGW OF hANIPULATION EXPERIMENT 

An e x p e r i m e n t a l  t ask  board was des igned  t o  permit measurements of 

a l l  t he  motion e l e m e n t s  enumerated i n  Tab le  2 .  It i n c l u d e d  s e v e r a l  
complete  tasks, any  of which c o u l d  be used for  v e r i f y i n g  the  basic 
concept  (model) of adding up i n d i v i d u a l  u n i t  times t o  o b t a i n  t h e  to ta l  
task t i n e .  The t a s k  board was ins t rumented  v i t t  switches t o  enable 
a u t o m a t i c  r e c o r d i n g s  of t h e  u n i t  t a s k  e lements .  Similar b u t  simpler 

task boards for e v a l u a t i n g  human motion times u e r e  used by Annet t ,  
Colby, C Kay c131 ( u s i n g  electrical c o n t a c t  between metallic peg and 

metallic receptacle) ( u s i n g  push-but ton switches and 
e l e c t r o n i c  c o u n t e r s  t o  measure f i v e  basic motions) .  

and by Buffa  E 141 

A. Task Board 

The task board,  shown i n  F i g u r e  1, is i n s t r u m e n t e d  for s e v e n  
d i f f e r e n t  tasks, some w i t h  a v a r i e t y  of  t o l e r a n c e  t oo l s  and movement 
d i s t a n c e s .  Each o o n t a c t  p o i n t  is equipped w i t h  microswitches to  detect 
t h e  r a i s i n g  o f  a too l  or t h e  t o u c h i n g  of a c o n t a c t  p o i n t .  The 

receptacle has a l i g h t  sp r ing - loaded  plunger t h a t  follows t h e  tool  as  it 
descends.  The task board s e n s i n g  switches are described i n d i v i d u a l l y  i n  
Table 3. 
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T a b l e  3 

Switch 

T o c l  1 

Tool 2 

Tool  3 

Tool 4 

Receptacle-  

S u i t  2;: 1 

Switch 2 

Svi tch j 

Switch 4 

Push b u t t o n  

Plate 

Crank 

Knob 

MscriDt i o n  

25.4-mm-diameter b a r  r educed  tc 
6.4 em diaQt?ter a t  end  

round  bar 19.1 an i n  diameter 

round bar 23.6 mm i n  diameter 

round bar 25.0 i n  diameter 

25.4-mm-aiameter hole, 25.4 nc deep. 
C e n t r a l  p l u n g e r  a c t i v a t e s  s r i t c k  R 1  
uhen tool is 12 mm above t h e  cpening ,  
s w i t c h  R2 when too l  t i p  e n t e r s  3 a m  
i n t o  opening ,  and swi t ch  h j  when tool 
t i p  is seated 3 mm froai t h e  bottom of hole. 

12.7-mn-dianeter  b u t t o n  located 50 r m  
frcm recectacle. Switch closes uhen 
b u t t o n  is depressed. 

l i k e  Switch 1 ,  located 100 EI from r e c e p t a c l e  

l i k e  Switch 1 ,  located 253 cffi from r e c e p t a c l e  

l i k e  Switch 1 ,  locetea 400 rim frm r e c e p t a c l e  

b u t t o n  lccated i n s i d e  a 25.4 mm-1D tube .  
R e q u i r e s  4 N t  force t o  close; lccated 
150 mm from r e c e p t a c l e .  

76.2-mm-diameter d i s k .  S u i t c h  closes when 
d i s k  is d e p r e s s e d ;  located 200 nm from 
r e c e p t a c l e .  

76.2-mm-long handle .  Rotary s w i t c h  s e n s e z  
s t a r t  p o s i t i o n  ( h a n d l e  down) and h a l f - t u r n  
p o s i t i o n  ( h a n d l e  up)  , located 400 mni f r m  
p l a t e .  

12.7 X 3E-mm knob. Ro ta ry  switch s e n s e s  
left and r i g h t  h a l f  t u r n s  (+90 degrees), 
l o c a t e d  250 tiim from plate.  
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Ear 25.Oaa-diaseter X 12.7-arar-long rad. 

T r o v h  1 

I r o u g h  2 

t u o  Vnotch s u p p o r t s  located 101.6 mm apart. 
Switches a t  t h e  base of each close when bar 
is  p r e s e n t ,  c e n t e r  located 150 m~ from p l a t e .  

l i k e  Trough 1, c e n t e r  located 200 from 
Trough 1, 150 tam fror p l a t e .  

Trough 3 l i k e  ,rough 2, b u t  h o r i z o n t a l .  

e. R s c r i o t i o n s  

Seven t a sks  w i t h  d i f f e r e n t  basic strategies uere d e v i s e d  t o  enable 

a l l  t h e  basic lrot ion e l e m e n t s  described i n  Table 2 t a  be measured. 
D e s c r i p t i o n s  cf these t a s k s ,  b roken  doun i n t o  u n i t  e l e m e n t s ,  are 
p r e s e n t e d  here. 

1, Per- in-hole  && 

I n  t h i s  t a s k  t h e  s u b j e c t  first grasps one o f  t he  f o u r  t o o l s  

from t h e  t o o l  holder. he  then  c o n t a c t s  one of t h e  s w i t c h e s  w i t h  t t  
t o o l  t i p ,  moves i t  to  the r e c e p t a c l e  -- i n s e r t i n g  it a l l  the way -- and 

r e t u r n s  t h e  tool t i p  t o  t h e  switch. T h i s  p r o c e s s  I s  p e r f o m a  'x times 
b e f o r e  chang ing  t o  a new tool or s w i t c h  

The e lement  breakdown for  Tool  3 (diameter 23.8 mm) and Switch 

1 (diameter 12.7 mm; d i s t a n c e  50 mm) is as I o l l o u s :  

I4icroSwitch notion- 

Lift-off Switch 1 off c o n t a c t  ( s w i t c h )  
Receptacle 1 on 
Recep tac l e  2 o n  
Receptacle 3 o n  
Receptacle 3 off 
Receptacle 2 o f f  
L i f t - o f f  Swi t ch  1 on 

move ( 5 0 )  + p r e - p o s i t - m  (12. 

i n s e r t  (25.4 - 23.8) p o s i t i o n  (25.4 - 23-31 + 23.6) 

c o n t a c t  (bo t tom of r e c e p t a c l e )  
d i s e n g a g e  (25.4 - 23.8) 
move (50) + p r e - p o s i t i o n  (12.7 + 23.8) 

T h i s  task is repeated w i t h  a l l  f o u r  switches t o  o b t a i n  moves 

o f  50, 100, 250, and  400 mm, and w i t h  a l l  f o u r  t o o l s  t o  o b t a i n  
p o s i t i o n i n g s ,  i n s e r t i o n s ,  and d isengagements  o f  19, 6.4, 1.6, ana  0.4 

nm 
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To b e g i n  t h i s  t a s k  the s u b j e c t  g r a s p s  Tool 1 and a l t e r n a t e l y  

c o n t a c t s  t h e  s w i t c h  and t h e n  t h e  pushbu t ton  s i x  times. The e l emen t  
breakdown for Switch 2 ( d i s t a n c e  50 mm) is as follows: 

L i f t - o f f '  Swi t ch  1 off c o n t a c t  
Pushbu t ton  on move ( 5 0 )  + p r e - p o s i t i o n  (19.0) 

Pushbu t ton  off c o n t a c t  
Lift-off Swi t ch  1 o n  move ( 5 0 )  + p r e - p o s i t i o n  (19.0) 

+ a p p l y  force 

T h i s  t a sk  is r e p e a t e d  u i t h  Switch 2, S u i t c h  1,  and S u i t c h  4 t o  
o b t a i n  moves of 5 0 ,  100, and 250 mm. S u b t r a c t i n g  the two movement times 
y i e l d s  t h e  time r e q u i r e d  t o  a p p l y  force. 

To begin  t h i s  task t h e  s u b j e c t  g r a s p s  Tool 1 or Tool  4 and 

a l t e r n a t e l y  makes c o n t a c t  s i x  times between one of t h e  switches and t h e  

p l a t e .  The element  breakdown f o r  Switch 3 and Tool  4 is  as f o l l o w s :  

- Kicro -Su i t ch  r iot ion E lemen t s  

Swi t ch  j o f f  
Plate on 
Plate o i f  
S v i t c h  3 o n  

c o n t a c t  
move (50) + p r e - p o s i t i o n  (101.6) 
c o n t a c t  
nove (50) + p r e - p o s i t i o n  (36.1) .  

T h i s  t a s k  .-s r e p e a t e d  w i t h  Switch 3, Switch 4, and S w i t c h  1 t o  o b t a i n  

move? f 50, 100, and 250 mm. T h i s  t a s k  was i n c l u d e d  t o  o b t a i n  
p c s i t i o n i n g  times for l a r g e  t c l e r a n c e s  (100 5 m )  c o r r e s p o n d i n g  t o  t h e  

.3s ic  mction e lement  "move t o  approx ima te  or i n d e f i n i t e  l o c a t i o n "  i n  the 

ElTM system. 

4. m ob-Turn Task 

To begin  t h i s  t a s k  t h e  subjec t  touches  t h e  p l a t e ,  then  g r a s p s  

t h e  v e r t i c a l  h a n d l e  of t h e  r o t a r y  s w i t c h ,  t u r n s  i t  90 d e g r e e s  c lockwise ,  

1 1  



160 degrees coun te rc lockwise ,  and 90 degrees clockwise ( t o  Its o r i g i n a l  

v e r t i c a l  p o s i t i o n ) ;  he t h e n  releases t h e  knob and t o u c h e s  t h e  p l a t e  once  

more. The e lemen t  breakdown for  t h i s  t a s k  is as follows: 

Microswit,2 Motion E l e m e n t s  

Plate off 
T1 o n  
T2 o n  
T2 of f  
T3 on 
T3 off 
T1 o f f  
Plate  on  

c o n t a c t  
Eove (250) + g r a s p  knob 
t u r n  (+go degrees) 
dwell  time 
t u r n  (-180 degrees) 
dwell time 
t u r n  (+go degrees) 
release + move (250) 

+ p r e - p o s i t i o n  (76.2) 

Switch T1 i s  o f f  when t h e  knob is v e r t i c a l ;  Switches T2 and  T3 are cn  

when t h e  knob is t u r n e d  90 degrees clcckwise or coun te rc lockwise .  

5. Crank-Turn Task 

I n  t h i s  t ask  t h e  s u b j e c t  t o u c h e s  t h e  p l a t e  ( v i t h  hand empty) ,  
t h e n  grasps t h e  hand le  of the  c r a n k ,  t u r n i n g  i t  threc times c lochi i se ,  

releases the hand le ,  and r e t u r n s  t o  t h e  p l a t e .  The t a s k  c o n s i s t s  cf 

r e p e a t i n g  t h i s  p rocedure  six times. The e lement  breakdown f o r  t h i s  t a s k  

is a follows: 

1.: i c rosw i t c n Kot ion  Elementg  

Plate off 
C 1  o n  
c2 cff 
C1 o n  
c2 of f  
C1 o n  
c2 of f  
C ?  o f t  
Plate on  

c o n t a c t  
move (400) + g r a s p  c r a n k  
c r a n k  (.5 t u r n )  
c r a n k  (.5 t u r n )  
c r a n k  (.5 t u r n )  
c r a n k  (.5 t u r n )  
c r a n k  (.5 t u r n )  
c r a n k  (.5 t u r n )  
release + move (400) 

+ p r e - p o s i t i o n  (76.2) 

Switch C 1  i s  o f f  when t h e  c r a n k  hand le  is S t r a i g h t  down; C2 is  on when 

t h e  hand le  is s t r a igh t  up. 
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ask 6. Pick - -  and P 1 w  

I n  t h i s  task a round p l a s t i c  b a r  25.4 mm i n  diameter and  76 mm 

l o n g  is first stood on t h e  p l a t e ,  The s u b j e c t  t h e n  t o u c h e s  l i f t - o f f  

S u i t c h  1, grasps t h e  p l a s t i c  bar, t o u c h e s  t h e  same l i f t - o f f  s w i t c h  k i t h  

t h e  p l a s t i c  bar ,  s e t s  the  bar on t h e  p l a t e ,  and r e t u r n s  t o  touch  t h e  

l i f t - o f f  switch.  The e lement  breakdown f o r  t h i s  t a s k  is as follows: 

!I icrosw i t c h Kot ion  Eiement 

L i f t - o f f  Swi tch  of f  
P l a t e  off  
L i f t - o f f  Ssitch on  
L i f t - o f f  Switch off  
Flate on 

Lif t -off  Swi tch  on 

c o n t a c t  
move (250)  + grasp bar 
move (250)  + p r e - p o s i t i o n  (36.1)  
c o n t a c t  
move (250) + p r e - p o s i t i o n  (50.6) 

move (250)  + p r e - p o s i t i o n  (25.4) 
+ release b a r  

T h i s  t ask  was used p r i m a r i l y  t o  o b t a i n  grasp and release times. 

7. Ea r -Trans fe r  lask 

The task c o n s i s t e d  of t ouch ing  t h e  p l a t e ,  p i c k i n g  up  t h e  b a r  

frm Trough 1 ,  t r a n s f e r r i n g  it t o  Trough 2 ( f i r m l y  s e a t i n g  t h e  b a r  
a g a i n s t  a s t o p  a c r o s s  t h e  t o p  o f  Trough 21, p i c k i n g  up t h e  b a r ,  r o t z t i n g  
i t  90 degrees, s e t t i n g  i t  down i n  Trough 3, touch ing  t h e  p l a t e ,  p i c k i n g  

up  t h e  bar i n  Trough 3, r e t u r n i n g  i t  t o  Trough 1 ,  ana  f i n a l l y  r e t u r n i n g  
t o  t h e  plate .  The e lement  breakdcwn fo r  t h i s  task is as fo l lows :  



Hicrosuitcb MotionElement 

P l a t e  off 
Trough 1 off  
Trough 2 on 
Trough 2 /up  on 
Trough 2 o f f  
Trough 3 o n  

P l a t e  on 

P l a t e  off  
Trough 3 o f f  
Trough 1 o n  

P l a t e  on 

c o n t a c t  
move ( 150) + g r a s p  bar 
move (200) + p r e - p o s i t i o n  ( s t o p )  
r e p o s i t  i o n  
c o n t a c t  
move (150) and t u r n  (90) s i m u l t a n e o u s l y  

release + move (150) 

c o n t a c t  
move ( 150) + grasp bar 
move (200) + p r e - p o s i t i o n  ( s t o p )  

move (150)  + p r e - p o s i t i o n  (76.2) 

+ p r e - p o s i t i o n  ( s top)  

+ p r e - p o s i t i o n  (76.2) 

+ r e l e a s e  

The t rough switches each c o n s i s t  of two switches, one  a t  t h e  base of  

each o f  t h e  two n o t c h e s  compr i s ing  t h e  t r o u g h ,  wired i n  series. The 

t r o u g h  switches c l o s e  o n l y  when t h e  b a r  is seated i n  bo th  ends  of t he  

t r o u g h ,  1.6 mm from t h e  bottom. A separate Trough 2 /up  switch above 
Trough 2 i n d i c a t e s  t h e  bar is a l s o  pushed u p  a g a i n s t  t h i s  s t o p .  

Experiments  were conducted w i t h  two d i f f e r e n t  m a n i p u l a t o r s  and t h e  

unaided human hand. One m a n i p u l a t o r  was t h e  Node1 H located a t  Lawrence 

Berke ley  Labora tory ,  shown i n  F i g u r e  2. T h i s  is a cable-connected 

m a n i p u l a t o r  t y p i c a l  i n  performance t o  many used i n  hot cel ls .  It 
p rov ided  a d e f i n i t e  "feeltt o f  t h e  remote environment  as o b j e c t s  were 
brought  i n t o  c o n t a c t .  I n  t h e  expe r imen t  t h e  task board was p laced  

i n s i d e  t h e  hot  ce l l ,  w h i l e  t h e  o p e r a t o r ,  o p e r a t i n g  t h e  master at 
s h o u l d e r  l e v e l ,  s t o o d  viewing t h e  task  from a d i s t a n c e  of about  2 

meters. 

The second man ipu la to r  was t h e  Ames A r m  a t  SRI I n t e r n a t i o n a l .  The 

e x p e r i m e n t a l  s e t u p  is shown i n  F i g u r e  3. Being u n i l a t e r a l ,  I t  provided  
n o  feel  o f  t h e  task ;  t h e  s u b j e c t ,  seated a b o u t  2 meters from t h e  task 
b o a r d ,  re l ied  on h i s  s i g h t  o n l y  t o  accompl i sh  t h e  tasks. 
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The t h i r d  set  of expe r imen t s  was made u s i n g  d i r e c t  m a n i p u l a t i c n  
w i t h  t h e  una ided  human hand. 

. .  D. S u b i e c t s  

F o r  each m a n i p u l a t o r  t h e  e x p e r i m e n t a l  series w i t h  s i x  e x e c u t i o n s  of 

each of  s e v e n  tasks was r u n  by two s u b j e c t s .  P r i o r  t o  each task t h e  
s u b j e c t  performed s e v e r a l  r e p e t i t i o n s  u n t i l  i t  bias clear t h a t  h e  had 

mas te red  t h e  task.  

E. Data P r o c e s s i n q  

Switch openings  and c l c s u r e s  were encoded i n t o  & b i t  words and 
punched on paper  t a p e  a t  t h e  rate of 25 words p e r  second.  T h i s  rate was 
a l i t t l e  slow f o r  some of t h e  d i rec t  hand m a n i p u l a t i o n s  b u t  was ffiore 
t h a n  a d e q u a t e  f o r  t h e  remote  manipu1ator.s. The p a p e r  t a p e  was f u r t h e r  

p r o c e s s e d  by a d i g i t a l  computer t o  o b t a i n  times between s w i t c h  c l o s u r e s ,  
t h e n  p rocessed  manually t o  o b t a i n  a v e r a g e  times f o r  each of t h e  

i n d i v i d u a l  motion e l emen t s .  
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IV EXPERMENTAL RESULTS 

3 r  

A l l  t i m i n g s  f o r  t h e  exper iment  o b t a i n e d  from computer p r i n t o u t s  of 

s w i t c h  t i m i n g s  were grouped manually i n t o  t h o s e  for each b a s i c  motion 
e l e m e n t ,  f o r  each  s u b j e c t ,  and  f o r  each n z n i p u l a t o r .  I n  t h i s  way, 

f i t t e d  t o  t h e  d a t a  frcm 182 swi t ch  t imings  ( 6  measurements each!  f o r  one 

s u b j e c t  and one manipula tor  were o n l y  3 1  b a s i c  n o t i o n  e l emen t s  ( 4  

d i f f ' e r e n t  i n s e r t s ,  4 d i sengages ,  7 p r e - p o s i t i o n s ,  4 moves, 2 t u r n s ,  6 
c r a n k s ,  1 c o n t a c t ,  1 g r a s p ,  1 r e l e a s e ,  and app ly  f o r c e ) .  l h i s  gave from 
3 t o  19 r e p e a t e d  t i m i n g s  f o r  each b a s i c  motion e l emen t .  The r e s u l t s  f o r  

i n s e r t ,  d i s e n ~ a g e ,  t u r n ,  and c rank  which were o b t a i n e d  d i r e c t l y  from t h e  
sb ; i tch  t i m i n g s ,  a r e  scmmarized i n  F i g u r e s  4 ,  5 ,  6 ,  and 7. 

** 

I I 1 INSERT 

i:L 0 

/ / 

MODEL H 

AMES 

MODEL H 

HAND 

100 10 1 
TOLERANCE - -millimeters 

0.1 

FIGURE 4 INSERT RESULTS 
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10 1 
TOLERANCE - millimeters 

0.1 

FIGURE 5 DISENGAGE RESULTS 
f 

The move and p r e - p o s i t i o n  r e s u l t s ,  which always occur  i n  
combina t ion ,  f irst  had t o  be s e p a r a t e d .  T h i s  was accomplished u s i n g  t h e  

t i m i n g s  of t n e  p r o t r u d i n g  r e c e p t a c l e  s w i t c h  Fil, which idas i n c l u d e d  i n  
t h e  t a s k  board f o r  t h i s  purpose .  R 1  enab led  t iming  of p r e - p o s i t i o n i n g  

from 19  am ( a t  f i r s t  c o n t a c t )  down t o  6.4, 1.6, and 0.4 mm ( a t  c o n t a c t  
of A2) t o  be o o t a i n e u  s e p a r a t e l y .  Next t h e s e  t i m i n g s  were s u b t r a c t e d  

from t h e  movement times t o  g i v e  a l l  moves a p o s i t i o n i n g  t o l e r a n c e  of  19- 
rnm each. F i n a l l y ,  t h e  p l a t e - t o u c h  r e s u l t s  t h a t  gave p r e - p o s i t i o n i n g  

t i m e s  from 100 t o  13 mn were used t o  f i t id  Lhe 1s mm-posi t icning time 
( w i t h  100-ma p r e - p o s i t i o n i n g  a r b i t r a r i l y  s e l e c t e a  t o  t a k e  z e r o  t i m e ) .  

Sepa ra t ed  and a d j u s t e d  move a n d  p r e - p c s i t i o n  r e s u l t s  a r e  sncwn i n  

Figures 8 and 9. 

Grasp  and r e l e a s e  t imes  g i v e n  i n  ‘lable 4 were o b t a i n e a  by 

s u b t r a c t i n g  move times from t h e  co r re spond ing  move + g r a s p  t i m e s  
a v a i l a b l e .  Contac t  t i m e s  were o b t a i n e d  d i r e c t l y  f r o n  t h e  l i f t - c f f  

s w i t c h ,  r e c e p t a c l e  bottom s w i t c h  (H3), push-but ton s w i t c h ,  and p’ate 
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switch. Except for the receptacle times t h e  times are  not significantly 

( s t a t i s t i c a l l y )  different;  they may be lumped together i n  the average 

contact time shobn i n  Table 4. heceptacle times m y  be longer because 
they include 3 mm of t ravel  a t  close tolerance. Contact times are  

s i m p l y  processine tiffies required t o  assure t h e  operator t h a t  the contact 
was indeed made. 

Table 4 

GRASP Ad0 hELtASE TIE;&S IEi SECONDS FCFi iACk SljEJCCr 

Crazc helease Contact 

Subi .  1 5ub.i. 2 Subi, 1 Subi,  2 Subi. 1 2~0.;. 2 

hand 0.20 0.20 0.40 0.35 -j5 -26 

E;~del h 2.5t 3.04 1 .s; 1-86 -40 -8 3 

An€ s 4.60 7 -36  2-68 2-76 -39 -65 
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V DISCUSSION OF RESULTS AED CONCLUSIONS 

Exper imen ta l  r e s u l t s  i n  t h i s  form provide  a un ique  uay of comparing 
m a n i p u l a t o r s ,  force feedback c o n d i t i o n s ,  viewing c o n d i t i o n s ,  c o n t r o l l e r  
d i s p l a y s ,  s u b j e c t s ,  etc. The u n i t  motion e lements  offer  a mic roscop ic  
look a t  r e s u l t s  compared t o  o v e r a l l  t a s k  times t h a t  p r e v i o u s  expe r imen t s  

have measured. 

A. Performance uith p i f f e r e n b  Force F e e d w c  k C o n d i t i o n g  

Conpara t i v e  p e r f  c rmance w i t h  d i f f e r e n t  force feedback  c o n d i t i o n s  

c a n  be e v a l u a t e d  by u s i n g  t h e  d a t a  fr,w t h e  u n i t  motion e lements  
i n v o l v i n e  force (or c c n t a c t  w i t h  t h e  environment) .  These e l e m e n t s  do  
n o t  i n v o l v e  r a p i d  mctions and hence are n o t  l i m i t e d  by t h e  manipula tor .  

Crank and t u r n  ( F i g u r e s  6 and 7) r e v e a l  t h a t  these o p e r a t i o n s  are twice 
a s  fas t  when f o r c e  feedback i s  p r e s e n t .  S i r o i l a r l y ,  l ow- to l e rance  

d i sengage  ( F i g u r e  5 )  is  d r a s t i c a l l y  slowed w i t h  no  f o r c e  feedback. 
S u r p r i s i n g l y ,  i n s e r t i n g  ( F i g u r e  4) shows l i t t l e  d i f f e r e n c e  w i t h  or  

w i t h o u t  f o r c e  feedback. 

b. Perf'ormance with D i f f e r e n t  Han iDula to r s  

Performance w i t h  d i f f e r e n t  m a n i p u l a t o r s  is b e s t  compared u s i n g  

p o s i t i o n  and move (Figurr.s a and Si). TLse e l e m e n t s  d o  n o t  i n v o l v e  

c o n t a c t ,  so f o r c e  is n o t  a factor. They do, however, p e r m i t  cL-nparison 
of both speed and accuracy .  P o s i t i o n i n g  times f o r  the two m a n i p u l a t o r s  
a re  v e r y  similar, e x c e p t  f o r  t h e  lowes t  t o l e r a n c e s  -- i n  which case t h e  

Ames A r m  is  slower.  Moving times f o r  \he Ames A r m  a r e  c o n s i s t e n t l y  20% 

l o n g e r  t h a n  f o r  Kodel H. T h i s  d i s c r e p a n c y  is probably  dire t o  t h e  ra te  
limits on t h e  Ames A r m  s e r v o s .  
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c. Uak Modelinn Predi  ct- 

Modeling of a m a n i p u l a t i o n  t a s k  confcrms t o  t h e  same r u l e s  of  

i n d u s t r i a l  time and motion s t u d i e s .  L i t e r a t u r e  descr ib ing  several 
s y s t e m s  has been cited i n  S e c t i o n  11. Once the t a s k  has been broken 

down i n t o  its basic e l e m e n t s ,  times f o r  these e l e m e n t s  are o b t a i n e d  from 

t h e  g r a p h s  ( F i g u r e s  4 t o  F i g u r e s  9) and Table  4. “he  u n i t  times are 
totaled t o  o b t a i n  t h e  predicted task time. 

An example of t h i s  p r o c e d u r e  f o r  t h e  pick-anri-Flace task is 

i n  ’Iable 5. S e p a r a t e  r e s u l t s  are p r e s e n t e d  f o r  c?ch s u b j e c t  and 

n a n i p u l a t o r  t o  i l l u s t r a t e  t h e  v a r i a t i o n  t h a t  may b e  expec ted  i n  each 

c a s e  . 
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Table 5 

MGDEL VEKIFICATION FOR PICK-AhD-PLACE TASK (Times i n  Seconds) 

Basic 
ElementSubi .1  Sub.i.2 Subi.lSubi.2 Sub.i.1 Subi.2 

Contac t  935 .28 .40 .Ir j 939 .85 

Move(250) .44 .50 1.06 1.24 1.34 1 .iS 

Grasp .20 .20 2.56 3.04 4.60 7.36 

Move(250) .44 .50 1.08 1.24 1.34 1.28 

P repos . (3b )  .OO 0.00 0.11 0.18 0.1 1 .22 

Con tac t  -35 .2b .40 .8 3 .39 .65 

Move(250) .44 .50 1.08 1.24 1.34 1 .28 

Prepos . (51 )  .OO 0.00 0.08 0.20 .16 .22 

Re lease  .4 0 .35 1.92 1.66 2.66 2.76 

Move(250) .44 .50 1.06 1.24 1.34 1.28 

P repos . (25 )  .10 0.06 0.40 0.46 -35 .6 4 

Element 
T o t a l  Time 3.16 3.17 10.19 12.40 14.24 16.02 

----- ---e- ----- e---- ----- ----- 

Actual 
T o t a l  Time 4.04 3.36 8.96 13.16 17.52 i a .52  

Difference -.bd -. 19 1.23 -.76 -3.68 -a50 

P of  
C i f f e r e n c e  -22% -62 14% -65; -20) -32 
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There is a c o n s i d e r a b l e  d i s p a r i t y  between i n d i v i d u a l  s u b j e c t s  (47 
p e r c e n t  for t h e  Model B arm) t h a t  m u s t  be t a k e n  i n t o  a c c o u n t .  k i t h  t h e  

l imi ted  data (two s u b j e c t s )  a v a i l a b l e  from these exper iments ,  no a v e r a g e  
u n i t  times would be meaningful .  This  is t h e  r e a s o n  t h e  two s u b j e c t s  are 
i n d i v i d u a l l y  t a b u l a t e d  i n  Table 5 .  The u n i t  motion model p red ic t s  t h e  

r e s u l t s  of t h e  experiment  t o  w i t h i n  205. The a u t h o r  bel ieves  t h e  main 
r e a s o n s  for t h e  d i f f e r e n c e  between element  t o t a l  and t h e  actual t o t a l  
times are the  small amount of  d a t a  a c q u i r e d  ( w i t h  100 r e p e t i t i o n s  

i n s t e a d  of 6 t h e  actual t ines would have been more uni form) .  

I n d u s t r i a l  time and motion s t u d i e s  l i k e  kTK, which are basEd on a 

s u b s t a n t i a l  p o p u l a t i o n  of workers ,  have i i i t roduced a d d i t i v e  and 

m u l t i p l i c a t i v e  f a c t o r s  t o  adapt  p o p u l a t i o n  mean u n i t  t ines  t o  a 

p a r t i c u l a r  worker 's  m o t i v a t i o n ,  s ize ,  and a b i l i t y .  These  factors are 

o u t s i d e  t h e  scope  of our  p r e l i n i n a r y  s t u d y .  The d i f f e r e n c e  between t h e  

two s u b j e c t s  o p e r a t i n g  each of t h e  m n i p u l a t o r s  m a y  be  t a k e n  as an 

i n d i c a t i o n  of' the r a n g e  of results o b t a i n a b l e .  After a s u b j e c t  has had 
c o n s i d e r a b l e  p r a c t i c e  u s i n g  a m a n i p u l a t o r ,  t h e  u n i t  times may be r educed  
and become more repeatable from one i n d i v i d u a l  t o  a n o t h e r .  
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V I  hECOMMENDATIONS 

I n  t h i s  s t u d y  we shok how a s l i g h t l y  modified v e r s i o n  o f  t he  

i n d u s t r i a l  time and motion sys t ems  c a n  be ex tended  t o  remote 
man ipu la to r s .  As described i n  S e c t i o n  I1 of t h i s  report, t h e  u n i t  
motion breakdown c a n  be v a l u a b l e  i n  p l a n n i n g  and optimizing tasks.  

Because o f  t h e  p o t e n t i a l  b e n e f i t s  t o  be r e a l i z e d  i n  p l a n n i n g  remote 

man ipu la t ion  f ac i l i t i e s  and o p t i m i z i n g  tasks  f o r  f u t u r e  m i s s i o n s ,  i t  is 
recommended t h a t  NASA c o n t i n u e  t o  pu r sue  t h e  t ime-and-motion approach  t o  
model ing man ipu la to r  performance.  Hethods for performin& f u t u r e  

m i s s i o n s  cou ld  be developed and timed i n  advance  and n e c e s s a r y  equipment  
s p e c i f i e d  and budgeted w i t h o u t  expens ive  d e s i g n  s t u d i e s .  

Fur thermore ,  t h e  u n i t  e lement  approach t o  model ing t a s k  per formance  

i s  s e e n  t o  have  a p p l i c a t i o n  i n  other p o r t i o n s  of t h e  remote man ipu la t ion  
tasks. Areas of a p p l i c a t i o n  i n c l u d e :  

Hemote viewing 
C o n t r o l s  

In fo rma t ion  d i s p l a y s  

* S u p e r v i s o r y  c o n t r o l  
* Manipu la to r  des ign .  

For  example,  times f o r  e l e m e n t a l  mot ions  w i t h  stereo d i s p l a y s  may be 

c o n t r a s t e d  w i t h  t h o s e  o b t a i n e d  i n  mono TV v iewing;  j o y s t i c k s  w i t h  

c o n t r o l  braces; p r o p o r t i o n a l  d i s p l a y s  w i t h  numeric;  a u t o m a t i c  w i t h  

manual o p e r a t i o n s  and one  m a n i p u l a t o r  w i t h  a n o t h e r .  I n  a d d i t i o n  t o  t h e  

a n a l y t i c a l  v a l u e  of these measures  fo r  compar ison ,  t h e y  would have 
c o n s i d e r a b l e  pred  c t i v e  and p l ann ing  v a l u e  f o r  f u t u r e  mis s ions .  
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V I 1  NEL TECHNOLOGY 

No r e p o r t a b l e  items of new technology have been i d e n t i f i e d .  
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